Escherichia coli O104 isolates collected from different sources in the United States were examined for virulence genes typical of enterohemorrhagic E. coli and those identified in the O104:H4 isolate associated with the 2011 German outbreak. The unexpected presence of virulence markers in these isolates highlights the importance of screening unusual and potentially pathogenic Shiga toxin-producing E. coli serotypes.
S
higa toxin-producing Escherichia coli (STEC) can cause various degrees of human illnesses, including diarrhea, hemorrhagic colitis (HC), and life-threatening hemolytic uremic syndrome (HUS) (11) . A number of STEC serotypes have been implicated in food-borne illnesses worldwide; although STEC serotype O157:H7 is the most common serotype associated with severe consequences such as HUS, many "non-O157 STEC" serotypes are gaining importance as food-borne pathogens (10) . Among them, serogroups O26, O45, O103, O111, O121, and O145 accounted for 83% of cases of non-O157 STEC infections in the United States from 1983 to 2002 (4) . In May 2011, a rare serotype, O104:H4, caused a major outbreak in Europe (mostly in Germany) with 4,321 illnesses and an unusually high number of HUS cases (ϳ852), including 50 deaths (15) . In the United States, six cases of O104:H4 infections, with one death linked to travel to Germany, were reported (8) . This O104:H4 strain was found to be a clone that combines the virulence characteristics of enterohemorrhagic E. coli (EHEC) and enteroaggregative E. coli (EAEC). It harbored Shiga toxin gene 2 (stx 2 ) and several EAEC marker genes such as aatA, aggA, aggR, set1, pic, and aap but was negative for other EHEC markers such as Stx1, intimin (eae), and enterohemolysin (hly) (2) . Knowledge about this serotype is limited, largely because E. coli O104:H4 has only recently been recognized as a foodborne pathogen capable of causing severe disease and overshadowing past outbreaks by other serotypes. The severity of the recent O104:H4 outbreak, the uncommon vehicle of transmission (seeds of fenugreek), and the unique characteristics of the outbreak strain signify the need for a thorough investigation of this serotype in the United States.
We obtained 58 E. coli O104 isolates with diverse flagellar (H) antigens from different animal and environmental sources in the collections of the E. coli Reference Center at Pennsylvania State University and examined their genetic diversity along with the presence and distribution of virulence markers identified in the 2011 E. coli O104:H4 outbreak strain. Isolates were characterized using several molecular and phenotypic assays. We also looked for virulence loci specific for the E. coli O104:H4 outbreak strain and other EHEC markers and established genetic relationships among them. Because of the increased public health significance of E. coli O104, this study aimed to determine the presence of unique characteristics of O104:H4 that may also have promoted the emergence of this pathogen in the United States and to evaluate the pathogenic potential of those strains found harboring these factors.
The E. coli isolates listed in Table 1 were confirmed using a Vitek 2 Compact system (bioMérieux, Durham, NC) following the manufacturer's instructions. The O104 serotype (rfb O104 ) and the presence of stx 1 , stx 2 , terD, and fliC H4 were confirmed using PCR as previously described (1, 2) . Individual PCR analyses were performed to determine the prevalence of other E. coli virulence genes (eae, iha, lpfA O26 , irp2, fyuA, aatA, aggR, set1, and pic) as described previously (3, 5-7, 9, 12, 16-18) . None of the isolates (Table 1) carried fliC H4 . The prevalence of the stx 2 gene (2%) was lower than that of stx 1 gene (20%) in the isolates analyzed, with only one isolate (9.0124) carrying stx 2 and 11 isolates harboring stx 1 . Although none of the isolates were found to carry intimin (eae), other adhesion marker genes (iha, lpfA O26 ) were present in more than half of the isolates (62%).
Pulsed-field gel electrophoresis (PFGE) analysis with XbaIdigested genomic DNA was conducted using a rapid standardized protocol for E. coli O157:H7 (13) and generated 40 PFGE patterns that divided the 58 isolates into two main distinct clusters with a similarity index of about 64% (Fig. 1) . The German outbreak strain was part of the mostly non-hemolysinproducing cluster 1. The majority of isolates belonging to cluster 2 showed typical EHEC enterohemolysin activity on 4% washed blood agar with a heart infusion broth base (Table 1) . Strains showing hemolysis activity, presence of irp2, an iron acquisition system marker gene encoded on a pathogenicity island (17) , and lpfA O26 grouped into subclusters 1A and 1B and subclusters 2A and 1B. Most members of cluster 2 were hemolytic, with most subcluster 2A members harboring stx 1 . (14) ; therefore, all STEC isolates found in this analysis have to be considered potentially pathogenic. However, non-H4 STEC O104 isolates appeared to be only distantly related to the pathogenic O104:H4 serotype (Fig. 1 ) and carried only a few virulence marker genes ( Table 1 ). The elevated pathogenicity of O104:H4 is speculated to be linked to the unusual acquisition of stx 2 in an EAEC strain combining both EAEC and EHEC virulence genes, which were indeed present in some of the isolates screened here (EAEC toxins pic and set1).
It is now evident that, through rapid acquisition of different virulence factors, an E. coli serotype, previously naïve or rarely associated with food-borne disease, can evolve to cause major outbreaks of severe illness and death. The combination of EAEC and EHEC virulence factors in the German outbreak strain of the summer of 2011 emphasizes the importance of being able to detect diarrheagenic E. coli by the use of appropriate methods that identify not only the most prevalent serotypes but also less-recognized ones. It is difficult to predict which less-common serotype could be implicated in the next outbreak. Therefore, efforts are urgently needed to better understand the evolution and emergence of bacterial pathogens and to develop rapid measures for identification of other serotypes even though they have been associated only rarely with HUS in the past.
